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BACKGROUND: Early-life exposure to bisphenol A (BPA) has been implicated to play a role in the development of obesity.

OBJECTIVE: A systematic review with meta-analyses of experimental rodent studies was conducted to answer the following question: does early-life
exposure to BPA affect the obesity-related outcomes body weight, fat (pad) weight, and circulating and tissue levels of triglycerides, free fatty acids
(FFA), and leptin?

METHODS: The methodology was prespecified in a rigorous protocol using the Systematic Review Centre for Laboratory Animal Experimentation
(SYRCLE) approach. Using PubMed and EMBASE, we identified 61 articles that met the inclusion criteria. The risk of bias and the methodological
quality of these articles were assessed using the SYRCLE Risk of Bias tool, and a confidence-rating methodology was used to score the quality of evi-
dence. Meta-analyses were performed using random effect models and standardized mean differences (SMDs), or, where possible, mean differences
(MDs) were calculated.

REsuLTS: Overall summary estimates indicated significant positive associations between BPA and fat weight [SMD =0.67 (95% CI: 0.53, 0.81)], tri-
glycerides [SMD =0.97 (95% CI: 0.53, 1.40)], and FFA [SMD =0.86 (95% CI: 0.50, 1.22)], and a nonsignificant positive association with leptin lev-
els [MD=0.37 (95% CI: —0.14, 0.87)] and a significant negative association with body weight were estimated [MD = —0.22 (95% CIL: —0.37,
—0.06)]. Subgroup analyses revealed stronger positive associations for most outcome measures in males and at doses below the current U.S. reference
dose of 50 pg/kg/d compared with doses above the reference dose. It should be noted that there was substantial heterogeneity across studies for all
outcomes assessed and that there was insufficient information to assess risk of bias for most studies.

ConcLusions: Findings from our systematic review suggest that early-life exposure to BPA may increase adiposity and circulating lipid levels in

rodents. https://doi.org/10.1289/EHP1233

Introduction

The prevalence of obesity is increasing worldwide, with currently
>600,000,000 obese adults (WHO 2015). Obesity is defined by
the World Health Organization (WHO) as “abnormal or exces-
sive fat accumulation that may impair health” and is classified
using the body mass index (BMI; WHO 2015). In addition to an
increase in body weight or fat accumulation, obesity is also
related to increased levels of circulating triglycerides, free fatty
acids (FFA), and leptin (Boden 2008; Considine et al. 1996;
Galic et al. 2010; Subramanian and Chait 2012). Although energy
imbalance is considered the major cause of obesity, an accumu-
lating body of evidence suggests that other risk factors such as
exposure to endocrine-disrupting chemicals (EDCs) also con-
tribute to the development of obesity. In particular, early-life
exposure to obesogens may result in a higher susceptibility to
developing obesity (Griin and Blumberg 2006; Heindel et al.
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2015). Obesogens are chemicals that alter hormonal pathways
that regulate lipid metabolism and thereby stimulate adipocyte
differentiation and a predisposition to obesity; and/or increase
the susceptibility to obesity and related metabolic disorders
(Griin and Blumberg 2006). Several chemicals are suggested
to have putative obesogenic effects, including bisphenol A
(BPA), which may exert obesogenic effects through various
pathways, including by its activity as an estrogen and gluco-
corticoid receptor agonist, as well as by interference with thy-
roid hormone pathways and by activation of peroxisome
proliferator-activated receptor-y (PPARy; Ahmed and Atlas
2016; Rubin 2011). BPA is a high-production-volume chemi-
cal that is mainly used to make plastics and epoxy resins that
are used in food packaging, coatings, and linings. BPA can
leach into food, leading to widespread human exposure (NTP
2010). BPA has been detected in 93% of urine samples in the
United States (Calafat et al. 2005) as well as in amniotic fluid,
neonatal blood, placenta, cord blood, and human breast milk
(Vandenberg et al. 2007). The U.S. Environmental Protection
Agency (EPA) has set the reference dose (RfD), that is to say,
the tolerable daily BPA exposure for the human population
without an appreciable risk of deleterious effects during the
lifetime, at 50 pg/kg/d, based on a lowest observed adverse
effect level (LOAEL) in rodent studies of 50 mg/kg/d (U.S.
EPA 1988). Recently, the European Food Safety Authority
(EFSA) reevaluated the toxicological data for BPA in rodents
and identified adverse effects on liver and kidney as well as on
the mammary gland at levels <50 mg/kg/d and subsequently
lowered the current tolerable daily intake level (TDI, equivalent
to RfD in the United States) to 4 pg/kg/d (EFSA 2015).

To our knowledge, only a limited number of animal studies
examining the metabolic or obesogenic effects of prenatal
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Table 1. PECO statement (population, exposure, comparator and outcomes).

Variable

Description

Population
Exposure
Comparator
Outcomes

Experimental rodent studies

Early-life exposure to bisphenol A (during gestation and/or lactation up to postnatal day 21)
Animals exposed to vehicle-only treatment

Body weight, fat (pad) weights, triglyceride levels, free fatty acids levels and leptin levels

exposure to BPA were considered in the reevaluation of the
rodent data for establishing regulatory limits (EFSA 2015) de-
spite mounting evidence for a role for BPA in altering body-
weight homeostasis via effects on the neuroendocrine system, the
pancreas, the liver and/or adipocyte tissue (reviewed in Le Corre
et al. 2015; Rubin 2011; Vom Saal et al. 2012). The aim of this
study was to systematically review experimental rodent studies
reporting early-life exposure to BPA and metabolic outcomes in
order to provide a more rigorous evaluation of the existing rodent
data. We reviewed and performed meta-analyses of rodent stud-
ies reporting pre- or perinatal exposure to BPA and the following
obesity-related outcome measures: body weight (because there is
nothing equivalent to BMI for use in rodent models), fat (pad)
weight, circulating or tissue levels of triglycerides and FFA, and
circulating levels of leptin (Table 1). We determined the quality
of the studies and rated the confidence of the evidence using
established methodologies.

Methods

The methodology of this systematic review was prespecified in a
protocol and followed the guidelines of the Systematic Review
Centre for Laboratory Animal Experimentation (SYRCLE; de
Vries et al. 2015). This protocol has been published on the
SYRCLE website (Wassenaar and Legler 2015) as “The effects
of early-life exposure to endocrine disrupting chemicals on obe-
sity development in rodents: a systematic review” (2015) (also
see Supplemental Material).

Search Strategy

Articles published before September 21, 2015 were identified
in MEDLINE (via PubMed) and EMBASE. Following the
SYRCLE methodology (Leenaars et al. 2012), a comprehensive
search strategy was developed and included the search compo-
nents “endocrine disrupting chemicals,” “obesity,” and “rodents”
(see Excel Table S1). The initial search component for “endo-
crine disrupting chemicals™ was broader than BPA only because
this design may allow investigation of other EDCs in the future.
To detect all rodent studies, animal search filters (de Vries et al.
2014; Hooijmans et al. 2010b) were modified to only include
rodents. In addition, the reference lists of the included articles
and those of relevant reviews were screened manually for poten-
tially relevant new articles.

Selection of Papers

Study selection consisted of two screening phases. The first selec-
tion was based on title and abstract screening, and the second
selection was based on a full-text screening. One reviewer (P.W.)
conducted the two screening phases, and in case of doubt, a sec-
ond reviewer (J.L.) was consulted.

Studies were selected for full-text screening when they met
the inclusion criteria. In case of doubt, articles were also analyzed
based on their full text. Studies were included in this systematic
review when they met all of the following criteria: a) original full
paper that presented unique data; b) exposure to BPA; ¢) obesity-
related article or at least one of the outcome measures was exam-
ined (body weight, fat pad weights, triglyceride levels, FFA
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levels, or leptin levels); d) experimental rodent study; e) perinatal
exposure via maternal or direct pup exposure [during gestation
and/or lactation up to postnatal day (PND) 21]. Studies were
excluded if they met one of the following criteria: @) not an origi-
nal paper; b) exposure to a chemical other than BPA; ¢) no dis-
ease or outcome of interest (no obesity-related outcome); d) not a
rodent study; e) not perinatal exposure (paternal exposure, expo-
sure after PND21, and measurements in unborn fetuses were
excluded); f) outcomes not measured in F1 generation; g) unheal-
thy or genetically altered rodents (data measured after ovariec-
tomy were considered unhealthy and were not extracted); /)
outcomes were measured after diet was altered to high-fat diet
during follow-up. In addition, selection was restricted to English-
language articles.

Study Characteristics and Data Extraction

The following characteristics were extracted from the included
studies: bibliographic data (authors, year of publication, journal
of publication, conflict of interest section, and funding source),
animal model characteristics (species, strain, and sex), expo-
sure characteristics (chemical, life stage and duration, dose,
frequency, and route of exposure), study design characteristics
(number of animals in experimental and control groups, dura-
tion of follow-up, and timing of data collection), and outcome
measures [types of outcomes measured: body weight, fat (pad)
weights, triglyceride levels, FFA levels and/or leptin levels,
and compartment of outcome measured]. From each study, we
considered each analysis of a specific outcome measure with
a specific dose and/or sex as a separate individual comparison.
In addition, analyses in different fat pads (even when derived
from the same animal) and analyses with different time win-
dows of exposure were considered as separate comparisons.
Consequently, multiple comparisons could have been included
from one study. One reviewer extracted the data (P.W.), and
in case of doubt, a second reviewer was consulted (J.L.).

All outcome data were collected for each individual compari-
son as the mean, standard deviation (SD), and number of animals
per group. When raw data or group averages with standard error
(SE) and number of animals per group were reported, the mean
and SD values were recalculated. When the group size was
reported as a range, the smallest number of animals was used for
the meta-analysis in the interest of conservative estimates. In
cases where data were presented graphically and not as text or in
tables, data were extracted in pixels using a digital screen ruler.
In cases of missing or unclear data, including SDs or SEs that
were not provided or that could not be extracted from figures
owing to many crossing lines, the authors were contacted via
email for the original data. If no author contact details were avail-
able, or if no response was obtained from the authors within three
weeks after repeated contact, the data were omitted from analysis.
When outcomes of comparisons were measured at different
time points, the time point with greatest efficacy was used (i.e.,
the time point with the strongest association with the outcome).
The time point of greatest efficacy was selected over the other
time point(s) when the absolute difference between the means
of the exposure and control groups divided by the sum of the
SDs was the highest. By using the absolute difference, the
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direction of the effect was not considered in the selection of the
time point of greatest efficacy.

Risk of Bias and Methodological Quality Assessment

To assess the risk of bias in the included studies, SYRCLE’s
Risk of Bias (RoB) tool was used; this tool is specifically
designed for animal studies (Hooijmans et al. 2014). The RoB
tool consists of ten questions which can be used to detect selec-
tion, performance, detection, attrition, and reporting bias in the
included studies (see Figure 2 for a complete list of the ten items
included in the RoB tool). The items in the RoB tool were scored
with “yes,” indicating low risk of bias; “no,” indicating high risk
of bias; or “unclear,” indicating that the item was not reported,
and therefore, the risk of bias was unknown. For the scoring of
these items, we applied the same signaling questions as those pro-
posed by Hooijmans et al. (2014). Briefly, Item 1 of the RoB
tool, sequence generation, was scored with “yes” when authors
clearly described a random component in the sequence genera-
tion, such as the use of a computer random number generator. A
“no” score was provided when a nonrandom approach was
applied, such as allocation by judgement or preference. Item 2 of
the RoB tool, baseline similarities, was analyzed based on age
and body weight. Baseline similarities were scored with “yes”
when the age of directly exposed animals was reported, when
directly exposed animals were randomly distributed across expo-
sure and control groups according to body weight, or when both
of these occurred. Item 3 focused on allocation concealment and
was scored based on the applied method to conceal the allocation
sequence. Methods such as sequentially numbered, opaque,
sealed envelopes were considered adequate; however, allocation
based on animal number, for example, was not considered
adequate because the investigator might have been able to foresee
the assignments. Item 4, random housing, was scored with “yes”
when animals were randomly housed during the experiment.
Blinding of caregivers, Item 5, focused on the blinding of care-
givers to knowledge about which intervention each animal
received. Appropriate blinding included identical housing for the
exposure and control groups, whereas differences in housing
were considered inappropriate blinding. Item 6, random outcome
assessment, focused on the method applied to select animals for
outcome assessment, and Item 7 focused on the blinding of the
outcome assessor (for instance, whether similar assessment meth-
ods were applied to both the exposure and the control groups).
Item 8, incomplete outcome data, focused on whether all animals
were included in the analyses and whether reasons for dropouts
were clearly explained. Item 9, selective outcome reporting,
focused on whether results of all outcomes mentioned in the
methods section were reported in the results section and vice
versa. Items 6-9 were only analyzed for the following outcome
measures: body weight, fat (pad) weights, triglyceride levels,
FFA levels, and leptin levels. In addition, in Item 10, other poten-
tial sources of bias were scored, including risks of additional
additives that were added during dosing and design-specific risks.

In addition to the RoB assessment, four items were added to
check the methodological quality. Two of these items specifically
focused on potential litter effects. In theory, potential litter effects
could have been covered under Item 10 of the RoB tool; how-
ever, we decided to report these items separately because these
are key issues for perinatal exposure studies. One of the items
focused on whether the litter or the individual offspring were
used as statistical unit, and the other item focused on whether
effects on litter size were observed after exposure to BPA com-
pared with control conditions. These items were translated into
the following two questions: “Was intralitter correlation con-
trolled for by using the litter as statistical unit (instead of
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offspring)?” and “Was the study free of potential intralitter corre-
lation caused by effects on litter size?” These items were scored
with “yes,” “no,” or “unclear.” In addition, we included two over-
all study quality indicators to acquire additional lower-tier infor-
mation on the reporting quality of the studies. Because animal
studies are known for their poor reporting quality in comparison
with randomized clinical trials, it is likely that many items of the
RoB tool are not reported or are poorly reported (Hooijmans
et al. 2014). The two overall study quality indicators scored
whether any randomization was reported for any level of the
experiment and whether any blinding was reported for any level
of the experiment. These items were scored “yes” when reported
and “no” when not reported. One reviewer (P.W.) conducted the
RoB and methodological quality assessment, and in case of
doubt, a second reviewer (J.L.) was consulted. The results of the
RoB tool and the additional methodological quality items were
used in the sensitivity analyses and in the confidence rating as
described below.

Data Synthesis and Statistical Analysis

Meta-analyses were performed using Review Manager (RevMan)
v5.3 (The Cochrane Community) if at least five studies reported
on a specific outcome measure, which was the case for all out-
comes studied. No criteria were set for the number of compari-
sons that had to be included. Mean differences (MDs; the mean
of the experimental group minus the mean of the control group)
were calculated for outcome measures that reported data on the
same scale, or when all data could be converted to the same scale,
including body weight and leptin. If data were not reported on
the same scale and could not be converted, standardized mean
differences (SMDs; the mean of the experimental group minus
the mean of the control group divided by the pooled SD of the
two groups) were calculated, including for fat weight, triglycer-
ides, and FFA. In the meta-analyses, random effect models were
used to account for the anticipated heterogeneity for all outcome
measures. Positive SMDs and MDs indicated an increase in the
outcome measures after BPA exposure, whereas negative SMD
and MDs indicated a decrease in the outcome measure.
Heterogeneity was assessed using /> and was represented on a
scale ranging from 0% to 100%, where <50% was considered as
no serious heterogeneity between studies, 50-75% was consid-
ered as moderate heterogeneity, and >75% was considered as
substantial heterogeneity (NTP 2015). The significance level of
the meta-analyses was set at p <0.05. Subgroup analyses were
performed to assess the influence of variables and to explore pos-
sible causes of heterogeneity. Subgroups were predefined in the
protocol, and subgroup analyses were only performed when at
least three studies could be included per subgroup. No criteria
were set for the number of comparisons that had to be included.
In some cases, subgroups that contained fewer than three studies,
such as specific strains or routes of exposure, were combined in a
subgroup called “Others” to generate a subgroup with three or
more studies. The following subgroup variables were assessed
for all outcome measures: animal species (rats or mice), strains,
sex (male or female), time window of exposure (perinatal, prena-
tal, or postnatal), dosage of treatment (below or above the RfD of
50 pg/kg/d), route of exposure (gavage, oral, diet, drinking
water, or subcutaneous injections), timing of outcome measure-
ment (before or after PND 21, the normal weaning period), and
frequency of exposure (daily or constant exposure, for example,
via constant availability of BPA in drinking water or diet). Some
studies provided birth weight data for mixed sexes, whereas at
later time points, sex-specific body weight data were provided.
We included only the sex-specific data because they are consid-
ered to be more informative (i.e., they provide information on
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sex-specific effects as well as information on later time points).
Furthermore, for the outcome measures triglyceride, FFA, and
leptin, effects on different compartments were analyzed if at least
three studies could be included (e.g., levels in serum/plasma
and hepatic tissue). For the outcome measure fat weight, sub-
group analyses were conducted to analyze the effects on differ-
ent fat pads. All subgroup differences were analyzed with a test
for subgroup differences in RevMan. To correct for multiple
testing, the significance levels of the subgroup analyses were
adjusted to p<0.01. For fat weight, where multiple fat pads
from individual animals were often analyzed, no additional
correction was applied in the analysis to account for noninde-
pendency. The results are presented as SMDs or MDs with
95% confidence intervals (CIs), heterogeneity value I> and
number of studies with number of comparisons in parentheses
[i.e., n=number of studies (number of comparisons)].

Potential publication bias was assessed by visually inspecting
funnel plots for asymmetry for outcome measures containing at
least 10 studies. In addition, lag time for “negative” studies and
conflict of interest sections with funding sources were investi-
gated. A publication lag time for “negative” studies may be pres-
ent because “positive” studies tend to be published earlier (NTP
2015). Therefore, we visually inspected the effect sizes on year
of publication to identify whether a lag time for “negative” stud-
ies was likely to be present. Furthermore, publication bias could
be present when studies are uniformly sponsored by industry or
by nongovernmental organizations and/or when authors have a
conflict of interest (NTP 2015). We characterized publication
bias as “undetected” or as “strongly suspected” (i.e., when clear
asymmetry was observed in funnel plots, when clear lag time was
observed for negative studies, when the majority of studies had
conflict of interest issues, or for combinations of any or all of
these) in line with the assessment of the Office of Health
Assessment and Translation (OHAT; NTP 2015).

To evaluate the robustness of our results, we performed a se-
ries of three sensitivity analyses. First, to assess the impact of the
latest time point on interpreting study results and possible tran-
sient effects, we selected the latest measured time point instead of
the time point with the greatest efficacy. Second, a sensitivity
analysis was performed by excluding studies of potential high
bias and poor reporting quality, that is to say, by excluding stud-
ies that did not receive a single “yes” score on Items 1-12 of the
risk of bias and methodological quality indicators. A third sensi-
tivity analysis was conducted by excluding studies that were not
free of potential litter effects. The excluded studies were selected
based on a “no” answer to either of the two included methodolog-
ical quality items (Items 13-14).

Confidence Rating

The quality of evidence of the outcomes of the systematic review
was rated using the confidence rating methodology described
by OHAT (NTP 2015). The OHAT confidence rating methodol-
ogy is primarily based on the Grading of Recommendation,
Assessment, Development, and Evaluation (GRADE) approach,
in which four confidence ratings are used: high, moderate, low,
and very low. The quality of evidence was rated for each out-
come measure separately, in which initial confidence was rated
based on the presence of four key study design features: a) con-
trolled exposure; b) exposure before outcome development; c)
outcome assessment on the individual level; and d) inclusion
of a comparison group. Experimental animal studies usually
have all of these features and therefore, the included studies
received an initial rating of “high confidence.” Subsequently,
five factors were assessed that could reduce the confidence
rating (risk of bias, unexplained inconsistency, indirectness,
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imprecision, and publication bias), followed by four factors
that could increase the confidence rating (large magnitude of
effect, dose response, plausible confounding, and consistency
across study designs).

Briefly, for downgrading confidence based on risk of bias, the
results of the SYRCLE RoB tool were considered as well as the
results of the sensitivity analyses. We downgraded this item
based on the RoB tool when predominantly “no” and “unclear”
scores were provided for the included studies and/or when the
direction of the overall effect changed after sensitivity analyses.
Unexplained inconsistency was addressed by considering simi-
larity of point estimates, overlap of confidence intervals
between studies, and statistical heterogeneity (i.e., I>>50% is
moderate heterogeneity and >75% is substantial heterogene-
ity). Indirectness was rated based on multiple aspects: the rele-
vance of the animal models to the outcome of concern for
humans (i.e., effects on body weight, fat weight, triglycerides,
FFA, and leptin), the directness of the end point to the primary
health outcome (i.e., obesity), and the relevance of the route of
exposure. Duration of treatment and time window between ex-
posure and outcome measurement were not rated under indi-
rectness because defining a “too-short” time window is difficult.
In line with OHAT recommendations, studies conducted with
rats or mice were considered relevant for humans and were not
downgraded on this specific aspect of indirectness (i.e., the first
aspect). Imprecision was assessed based on the 95% confidence
intervals (i.e., overlap with null or not). Publication bias was
assessed similarly to the manner described above, as “unde-
tected” or “strongly suspected” using funnel plots or when there
were other indications of potential publication bias (i.e., lag
time for “negative” studies or conflicts of interest). The factor
“large effect magnitude” for upgrading confidence is difficult to
assess because relatively “small” effects can have major public
health impacts on a population basis. Furthermore, when using
SMDs, the estimates are not directly related to actual physio-
logical differences; therefore, it is difficult to determine whether
the magnitude of effect estimates has any relevance to public
health. Therefore, no threshold effect was set, and consequently,
this factor was not used to upgrade confidence within this
study. Dose-response effects were assessed by visually inspect-
ing the effect sizes of individual study estimates. Indications of
dose-response effects needed to be present consistently both
within and across studies to be upgraded. The factor “plausible
confounding” primarily applies to observational studies (NTP
2015). Because we considered animal studies in the present study,
we decided not to use this factor to upgrade confidence. Within this
study, confidence was upgraded for “consistency across study
designs” when results were consistent across multiple animal mod-
els (i.e., rats and mice) and across multiple strains based on p-values
for subgroup differences. Because only rodents were considered
in this systematic review, we rated “consistency across species”
only as a half confidence level and not as a full confidence level.
Additionally, in line with the OHAT confidence rating methodol-
ogy, we did not downgrade twice for what was essentially the same
limitation, for example, whether wide confidence intervals resulted
from unexplained inconsistency or from imprecision. In addition,
in the case that two domains were borderline for downgrading, the
body of evidence was downgraded once for a single factor to
account for both partial concerns.

Results

Study Selection and Characteristics

Figure 1 shows the flow chart of the study selection process.
Using the comprehensive search strategies, 2,535 unique articles
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Articles identified through electronic
database searches
(PubMed: n = 1838 ; EMBASE: n = 1904)

Included articles
(n=47)

> Removed duplicate articles (n=1207)
A\ 4
Articles screened by title and abstract
(n=2535)
2413 Publications excluded based on
title/abstract screening
130 Not primary study
<] 1095 Not right exposure
“] s06 Not outcome of interest
135 Not rodent study
547 Not perinatal exposure
A 4
Records identified as potentially relevant for
full text screening
(n=122)
75 Publications excluded based on
full text screening
22 Not primary study
13 Not perinatal exposure
3 Not in English language
> 3 Outcomes not measured in F1 generation
4 Unhealthy rodents (deviate from normal)
21 Not outcome of interest
9 Not able to extract data + no contact from
authors
A\ 4

o
(-~

\ 4

(n=61)

Total included Bisphenol A articles

Figure 1: Flow chart of study selection process.

Articles identified through reference checking of included
articles and relevant reviews (n = 14)

were identified from PubMed and EMBASE. After title and
abstract screening, 122 articles were selected for full-text screen-
ing. Of these 122 publications, 47 publications were included in
the review. In 18 of the 122 articles, data reporting was unclear,
and the authors were contacted (see Excel Table S2). For 4 of
these articles, data were provided; for 14 articles, no reply was
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received. Of these 14 articles, 9 articles were fully excluded
because body weight data were unclear and no information was
presented on other outcome measures relevant to this review. For
the remaining 5 studies, we were able to extract data of sufficient
quality for outcomes other than body weight. In addition, after
screening the reference lists of the included articles and of
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relevant reviews, an additional 14 articles were included, result-
ing in a total of 61 articles (see Excel Table S3 for the character-
istics of all included studies).

Of the 61 included studies, 55 reported effects of BPA on
body weight, 13 on fat weight, eight on triglyceride levels, seven
on FFA levels, and eight on leptin levels. These outcome meas-
ures included 190, 117, 17, 18, and 34 independent comparisons,
respectively, totaling 376 independent comparisons. FFA were
mostly examined in blood (71% of the studies reported serum/
plasma concentrations) but were also examined in hepatic (29%)
or fat tissue (14%). The same is true for triglycerides (75% of the
studies reported serum/plasma concentrations, and 38% reported
hepatic tissue concentrations). Leptin levels were only reported
in blood (100% in serum/plasma). The outcome fat weight was
examined for several fat pads including the intraabdominal fat
pads: retroperitoneal (23% of the studies), (peri)gonadal (62%),
(peri)renal (38%), and mesenteric fat (31%). In addition, mam-
mary gland fat (8%), subcutaneous fat (15%), brown adipose tis-
sue (BAT; 31%), and total fat weight (31%) were reported. In all
BPA exposure studies, outcomes were measured between PNDOQ
and PND540, and the exposure dose ranged from 0.2 pg/kg/d to
655 mg/kg/d.

Risk of Bias and Methodological Quality Assessments

The main observation from the risk of bias and methodological
quality assessments is the many “unclear” scores, indicating that

most items were not sufficiently reported, resulting in an
unknown risk of bias (Figure 2). The individual scores of the
RoB tool and the methodological quality indicators of each
included study are provided (see Excel Table S4). With respect to
selection bias (Figure 2; Q1-Q3), the sequence generation pro-
cess was reported in only three studies (5%; Q1). Although many
studies mentioned that the animals were randomly assigned to ex-
posure groups, the randomization method was unclear. As a
result, the risk of bias on Item 1 could not be judged for many
articles. Baseline similarities were reported more often (49%;
Q2), whereas information about allocation concealment was not
reported at all (Q3). None of the articles reported on random
housing and blinding of caregivers (Figure 2; Q4 and QS5, respec-
tively). As a result, performance bias could not be judged.
Regarding detection bias (Figure 2; Q6 and Q7), none of the stud-
ies described a random outcome assessment for relevant outcome
measures (Q6). In addition, the outcome assessor was reported to
have been blinded in six studies (10%; Q7). Incomplete outcome
data were adequately addressed in six studies (10%; Q8), resulting
in a low risk of attrition bias for these studies. With respect to
reporting bias (Q9), a high risk was identified for two studies
(3%). All other studies were scored with an unclear risk of bias on
this item. Additionally, other potential sources of bias were identi-
fied in four articles (7%; Q10). For two studies this included addi-
tional additives during dosing. Rats received 15% sucrose in their
drinking water in addition to BPA exposure (Xu et al. 2011) or ten
subcutaneous injections of corn oil (Ichihara et al. 2003). In two
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Figure 2: Results of the risk of bias and methodological quality indicators for all included studies. The items in the Systematic Review Centre for Laboratory
Animal Experimentation (SYRCLE) Risk of Bias assessment (Q1-Q10) were scored with “yes” indicating low risk of bias, “no” indicating high risk of bias,
or “unclear” indicating that the item was not reported, resulting in an unknown risk of bias (Hooijmans et al. 2014). Q1-Q3 consider selection bias, Q4-Q5
consider performance bias, Q6—Q7 consider detection bias, Q8 considers attrition bias, Q9 considers reporting bias, and Q10 considers other biases. The overall
study quality indicators (Q11-Q12) were scored with “yes” when reported or “no” when not reported. The methodological quality indicators focusing on poten-
tial intralitter correlation (Q13-Q14) were scored with “yes,” “no,” or “unclear.” Q, question. Q1: Was the allocation sequence adequately generated and
applied?; Q2: Were the groups similar at baseline or were they adjusted for confounders in the analysis?; Q3: Was the allocation to the different groups
adequately concealed?; Q4: Were the animals randomly housed during the experiment?; Q5: Were the caregivers and/or investigators blinded from knowledge
which intervention each animal received during the experiment?; Q6: Were animals selected at random for outcome assessment?; Q7: Was the outcome asses-
sor blinded?; Q8: Were incomplete outcome data adequately addressed?; Q9: Are reports of the study free of selective outcome reporting?; Q10: Was the study
apparently free of other problems that could result in high risk of bias?; Q11: Was it stated that the experiment was randomized at any level?; Q12: Was it
stated that the experiment was blinded at any level?; Q13: Was intralitter correlation controlled for by using the litter as statistical unit (instead of offspring)?;
Q14: Was the study free of potential intralitter correlation caused by effects on litter size?
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other studies, animals were delivered by cesarean section
(Howdeshell and vom Saal 2000; Nagao et al. 2002).

In addition to risk of bias, four study quality indicators were
used to assess the methodological quality of the studies. In 64%
of the studies, randomization at any level of the experiment was
reported (Figure 2; Q11), whereas blinding was reported in only
21% of the studies (Q12). Assessment of litter effects revealed
that the litter was used as a statistical unit in 51% of the studies,
the offspring was used as a statistical unit in 30% of the studies,
and in 15% of the studies, it was unclear whether litter or off-
spring was used as statistical unit (Q13). In addition, three studies
received both a “yes” and a “no” score (5%). Two of these studies
used the litter as a statistical unit for measurements before
PND21 and the offspring as a statistical unit for measurements af-
ter PND21. The third study used the litter as a statistical unit for
one outcome measure, but the offspring was used as a statistical
unit for other relevant outcome measures (see Excel Table S4).
Effects were observed on litter size after exposure to BPA in only
three studies (5%; Q14).

Effects of BPA on Obesity-Related Outcomes

Body weight. Out of 55 studies, a total of 190 comparisons inves-
tigating the effects of BPA on body weight could be included in

the meta-analysis. These studies reported body weight in grams;
therefore, MDs were calculated for the effects of BPA on body
weight. Early-life exposure to BPA was associated with signifi-
cantly lower body weight based on the overall summary estimate
[MD = —0.22 (95% CI: —0.37, —0.06); Table 2]. There was sub-
stantial heterogeneity among the studies (I = 86%; Table 2). A
forest plot shows the individual effect estimates for the 190
comparisons of BPA exposure with body weight (see Excel
Figure S1). Subgroup analysis showed that heterogeneity was
very high for all estimates (i.e., I? >75%) with the exception of
the estimate for some strains. Associations did not vary between
mice and rats (p-value for subgroup differences =0.69), although
they varied across strains (Table 2). Nonsignificant positive asso-
ciations were estimated for three mouse strains, a significant pos-
itive association was estimated for Wistar rats (with substantial
heterogeneity, I =92%), and null or negative associations were
estimated for all other strains, including a significant negative
association for F344 rats (I>=35%; p-valueforsubgroup
differences <0.0001). When based on females only, a significant
negative association was estimated [MD= —0.41 (95% CI:
—0.65, —0.17)] in contrast with a null summary estimate for
males [MD = —0.05 (95% CIL: —0.27, 0.17); p-value for subgroup
differences =0.03]. Associations varied across time window of
exposure, with null estimates for perinatal and prenatal exposure,

Table 2. Effects of early-life exposure to bisphenol A on body weight from random effects meta-analyses.

No. studies Test for subgroup
Analysis Subgroups MD (g) (95% CI) I? (no. comparisons) differences
Overall —-0.22 (-0.37, —0.06) 86% 55 (190)
Species Rats —0.06 (=0.39,0.27) 86% 35(111) p=0.69
Mice —0.14 (-0.33, 0.05) 85% 20 (79)
Strain C57BL/6 (mice) 0.11 (= 0.56,0.78) 83% 527) p<0.0001
CD-1 (mice) 0.19 (-0.20, 0.58) 67% 4(15)
CF-1 (mice) 0.51 (=0.14,1.17) 59% 4(11)
ICR (mice) —-0.02 (=0.21,0.16) 85% 3(12)
F344 (rats) —-0.83 (—1.16, —0.50) 35% 3(11)
Long evans (rats) —0.32 (=0.65,0.02) 50% 6 (12)
Sprague-Dawley (rats) —-0.21 (-0.74, 0.33) 87% 16 (62)
Wistar (rats) 8.16 (2.23, 14.09) 92% 8 (14)
Others” -0.53(-1.37,0.31) 84% 7 (26)
Sex Males -0.05(-0.27,0.17) 86% 46 (111) p=0.03
Females —-0.41(-0.65, —0.17) 86% 34.(79)
Time window of exposure Perinatal 0.09 (-0.20, 0.38) 84% 36 (127) p=0.04
Prenatal 0.02 (—0.13,0.18) 82% 11 (40)
Postnatal —-3.21 (=5.70, —0.71) 89% 9(23)
Frequency of exposure Daily —0.34 (-0.50, —0.18) 85% 40 (128) p<0.0001
Constant 0.99 (0.37, 1.61) 88% 15 (62)
Route of exposure Gavage —-0.57 (-0.89, —0.25) 76% 15 (48) p=0.0004
Oral —-0.22 (-0.56,0.11) 88% 11 (40)
Diet 0.08 (—0.40, 0.56) 79% 8 (49)
Drinking water 4.67 (2.17,7.17) 91% 9(22)
Subcutaneous —-0.37 (=0.71, —0.03) 89% 12 (31)
Dose of exposure” <50 pg/kg 0.16 (- 0.03, 0.36) 87% 35(72) p=0.003
>50 pg/kg —0.40 (=0.72, —0.09) 86% 35(112)
Time of outcome measure PNDO-PND21 —-0.29 (-0.40, —0.17) 81% 18 (59) p=0.01
>PND21 049 (-0.12, 1.11) 87% 47 (131)

Note: Effect sizes are expressed as the MD in grams with 95% Cls calculated using random effects models. From each study, we considered each analysis with a specific dose, sex,
and/or time window of exposure as a separate individual comparison. /> is a measure of heterogeneity. Positive MDs represent an increase in the outcome measure after exposure.
Negative MDs represent a decrease in the outcome measure after exposure. Tests for subgroup differences were conducted using Review Manager [RevMan v5.3 (The Cochrane

Community)]. CI, confidence interval; MD, mean difference; PND, postnatal day.

“Includes OF-1, NMRI, and Avy Agouti mice and Donryu, Alderley Park, and Holtzman rats.

The results from Anderson et al. (2013) were excluded from this analysis because exposure was expressed as diet concentration, and it was not possible to estimate dose

concentrations.
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Table 3. Effects of early-life exposure to bisphenol A on fat weight from random effects meta-analyses.

No. studies Test for subgroup
Analysis Subgroups SMD (95% CI) I? (no. comparisons) differences
Overall 0.67 (0.53, 0.81) 46% 13 (117)
Species Rats 1.12 (0.71, 1.52) 66% 4(19) p=0.01
Mice 0.57 (0.44, 0.71) 36% 9 (98)
Strain C57BL/6 (mice) 0.71 (0.56, 0.85) 0% 3(52) p=0.0001
CD-1 (mice) 0.18 (—0.05,0.41) 15% 3(28)
Sprague-Dawley (rats) 1.06 (0.63, 1.48) 68% 3(17)
Others” 0.99 (0.46, 1.51) 76% 4 (20)
Sex Males 0.69 (0.56, 0.81) 19% 13 (86) p=0.44
Females 0.52 (0.11, 0.93) 72% 931
Time window of exposure Perinatal 0.65 (0.51, 0.79) 37% 10 (95) p=0.44
Prenatal 0.81(0.43, 1.19) 67% 3(22)
Frequency of exposure Daily 0.91 (0.61, 1.21) 68% 5(36) p=0.05
Constant 0.58 (0.44, 0.72) 23% 8 (81)
Route of exposure Diet 0.57 (0.43,0.71) 13% 5 (70) p=0.13
Drinking water 0.68 (0.21, 1.15) 58% 3(11)
Others® 0.91 (0.61, 1.21) 68% 5(36)
Dose of exposure” <50 pg/kg 0.76 (0.55, 0.97) 38% 9 (53) p=0.66
>50 pg/kg 0.70 (0.52, 0.88) 43% 7 (58)
Fat pads Retroperitoneal fat 0.68 (—0.09, 1.45) 45% 3(7) p=0.67
(Peri)gonadal fat 0.72 (0.36, 1.07) 65% 8(27)
(Peri)renal fat 0.63 (0.36, 0.89) 34% 5(20)
Mesenteric fat 0.82 (0.55, 1.10) 0% 4 (14)
Brown adipose tissue 0.94 (0.47, 1.41) 52% 4(15)
Total fat 0.35(-0.14,0.85) 70% 4 (14)
Others? 0.67 (0.42, 0.92) 0% 3 (20)

Note: Effect sizes are expressed as the SMD with 95% Cls calculated using random effects models. From each study, we considered each analysis with a specific dose, sex, and/or
time window of exposure as a separate individual comparison, as well as analyses of different fat pads (even when derived from the same animal). /> is a measure of heterogeneity.
Positive SMDs represent an increase in the outcome measure after exposure. Negative SMDs represent a decrease in the outcome measure after exposure. Tests for subgroup differen-
ces were conducted using Review Manager [RevMan v5.3 (The Cochrane Community)]. CI, confidence interval; SMD, standardized mean difference.
“Results of Anderson et al. (2013) were excluded from this analysis because exposure was expressed as diet concentration, and it was not possible to estimate dose concentrations.

“Includes OF-1, MF-1, and Avy Agouti mice and Wistar rats.
“Includes subcutaneous, oral, and gavage exposure.
“Includes mammary and subcutaneous fat pads.

and a significant negative association was estimated for postnatal
exposure (p-value for subgroup differences =0.04). Associations
with body weight were in opposite directions when based on
studies with daily exposure [e.g., via gavage or subcutaneous
injection; MD = — 0.34 (95% CI: —0.50, —0.18)] versus constant
exposure via diet or drinking water [MD =0.99 (95% CI: 0.37,
1.61); p-value for subgroup differences =0.0001]. In addition,
significant positive associations were estimated for exposure via
drinking water, and null or negative associations were estimated
for all other exposure routes, including significant negative
associations for subcutaneous exposure and exposure via
gavage (p-value for subgroup differences = 0.0004). Exposure doses
<50 pg/kg/d were positively associated with body weight
[MD=0.16 (95% CI: —0.03, 0.36)], whereas exposure doses
>50 pg/kg/d were significantly associated with a lower
body weight [MD =-0.40 (95% CIL: —0.72, —0.09); p-value
for subgroup differences =0.003]. Furthermore, measurements
before PND21 were associated with significantly lower body
weight [MD= —0.29 (95% CI: —0.40, —0.17)], whereas meas-
urements after PND21 were estimated to have a nonsignificant
positive association with body weight [MD=0.49 (95% CI:
—0.12, 1.11); p-value for subgroup differences =0.01].

Fat weight. For fat weight, 13 studies were included, consist-
ing of 117 comparisons. Only SMDs could be calculated for fat
weight because data were reported on deviating scales, including
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weight (grams) and percentages relative to control. Overall, expo-
sure to BPA was significantly associated with an increased fat
weight in rodents [SMD =0.67 (95% CI: 0.53, 0.81); Table 3]
with a relatively low heterogeneity that could be related to the
fact that several fat pads derived from the same animal were
included (/> =46%). A forest plot is provided showing the indi-
vidual effect estimates for BPA exposure and fat weight (see
Excel Figure S2). Subgroup analyses revealed that associations
varied between species with stronger associations in rats,
although both estimates indicated a significant positive associa-
tion (p-value for subgroup differences =0.01; Table 3). Data for
rats [SMD=1.12 (95% CI: 0.71, 1.52)] were based on moder-
ately heterogeneous data (I>=66%), and data for mice
[SMD=0.57 (95% CI: 0.44, 0.71)] were based on data with
lower heterogeneity (I>=36%). This difference in association of
species is also reflected in the different associations of strains. A
nonsignificant positive association was estimated for CD-1 mice
and significant positive associations were estimated for C57BL/6
mice, Sprague-Dawley rats, and others (p-value forsubgroup
differences = 0.0001). No difference in association was estimated
for sex (i.e., males and females; p-value for subgroup differences
=0.44) or for time window of exposure (i.e., perinatal or prena-
tal; p-value for subgroup differences = 0.44). Estimates for both
daily exposure [SMD =0.91 (95% CI: 0.61, 1.21)] and constant
exposure [SMD =0.58 (95% CI: 0.44, 0.72)] were significantly
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Table 4. Effects of early-life exposure to bisphenol A on triglyceride levels from random effects meta-analyses.

No. studies Test for subgroup

Analysis Subgroups SMD (95% CI) I’ (no. comparisons) differences

Overall 0.97 (0.53, 1.40) 58% 8 (18)

Species Rats 1.34 (0.44, 2.24) 74% 5(8) p=023
Mice 0.73 (0.32, 1.15) 27% 3 (10)

Strain Wistar (rats) 2.00 (0.98, 3.02) 60% 3(5) p=0.01
Others” 0.63 (0.24, 1.02) 37% 5(13)

Sex Males 1.16 (0.69, 1.63) 55% 7(15) p=0.004
Females 0.05 (—0.54, 0.65) 0% 3(3)

Dose of exposure <50 pg/kg 1.45 (0.78, 2.13) 63% 6 (10) p=0.01
>50 pg/kg 0.45 (0.04, 0.87) 18% 4(8)

Compartment Serum/plasma 0.76 (0.39, 1.13) 34% 6 (14) p=022
Hepatic 1.94 (0.10, 3.79) 83% 3(4)

Note: Effect sizes are expressed as the SMD with 95% ClIs calculated using random effects models. From each study, we considered each analysis with a specific dose, sex, and/or
time window of exposure as a separate individual comparison. I is a measure of heterogeneity. Positive SMDs represent an increase in the outcome measure after exposure. Negative
SMDs represent a decrease in the outcome measure after exposure. Tests for subgroup differences were conducted using Review Manager [RevMan v5.3 (The Cochrane
Community)]. CI, confidence interval; SMD, standardized mean difference.

“Includes OF-1 and C57BL/6JxFVB mice and Sprague-Dawley rats.

associated with fat weight (p-value for subgroup differences =
0.05) and were based on moderately and lowly heterogeneous
data, respectively (I> = 68% and 23%). Estimated associations for
route of exposure, including exposure via diet and drinking water,
did not vary (p-value for subgroup differences =0.13). In addi-
tion, no difference in association was estimated for different
doses (i.e., doses below or above the RfD of 50 pg/kg/d;
p-value for subgroup differences =0.66) or for different fat pads
(p-value for subgroup differences =0.67). No subgroup analyses
of timing of outcome measurement were conducted because
fewer than three studies could be included in the subgroup with
measurements before PND21.

Triglycerides. In total, 8 studies consisting of 18 comparisons
could be included in the meta-analysis. Only SMDs could be

calculated for triglycerides because data were reported on deviat-
ing scales, including tissue concentrations (milligrams/gram),
volume concentrations (milligrams/milliliter), and percentages
relative to control. Overall, BPA exposure was positively associ-
ated with triglyceride levels [SMD =0.97 (95% CI: 0.53, 1.40);
Table 4)] with moderate heterogeneity among the studies
(I =58%). A forest plot shows the individual effect estimates of
BPA exposure with triglyceride levels (see Excel Figure S3).
Associations did not vary between mice and rats (p-value for
subgroup differences =0.23), although associations varied across
strains. A significant positive association was estimated for
Wistar rats [SMD=2.00 (95% CI: 0.98, 3.02)] with moderate
heterogeneity (I* = 60%), and a weaker association was estimated
for the other strains, which have been combined in one subgroup

Table 5. Effects of early-life exposure to bisphenol A on free fatty acid levels from random effects meta-analyses.

No. studies Test for subgroup

Analysis Subgroups SMD (95% CI) I? (no. comparisons) differences

Overall 0.86 (0.50, 1.22) 36% 7(17)

Species Rats 0.76 (0.08, 1.43) 53% 5(7) p=0.65
Mice 0.94 (0.52, 1.36) 22% 3 (10)

Strain Wistar (rats) 0.99 (—0.19, 2.17) 68% 34 p=0.81
Others” 0.84 (0.48, 1.20) 23% 5(13)

Sex Males 1.24 (0.88, 1.59) 0% S5(11) p=0.0003
Females 0.14 (—-0.33,0.61) 0% 3(6)

Frequency of exposure Daily 0.97 (0.15, 1.78) 61% 5(7) p=0.78
Constant 0.84 (0.48, 1.19) 5% 3(10)

Dose of exposure <50 pg/kg 1.57 (1.05, 2.09) 0% 4 (6) p=0.001
>50 pg/kg 0.53 (0.19, 0.87) 0% 4(11)

Time of outcome measure PNDO-PND21 0.38 (—0.30, 1.05) 27% 34) p=0.11
>PND21 1.02 (0.61, 1.42) 32% 5(13)

Compartment Serum/plasma 0.97 (0.65, 1.30) 0% 5(12) p=0.51
Others® 0.63 (—0.35, 1.61) 66% 3(5)

Note: Effect sizes are expressed as the SMD with 95% ClIs calculated using random effects models. From each study, we considered each analysis with a specific dose, sex, and/or
time window of exposure as a separate individual comparison. I? is a measure of heterogeneity. Positive SMDs represent an increase in the outcome measure after exposure. Negative
SMDs represent a decrease in the outcome measure after exposure. Tests for subgroup differences were conducted using Review Manager [RevMan v5.3 (The Cochrane
Community)]. CI, confidence interval; PND, postnatal day; SMD, standardized mean difference.

“Includes OF-1, Avi Agouti, and C57BL/6JxFVB mice and Sprague-Dawley rats.

PIncludes hepatic and fat tissue.

Environmental Health Perspectives 106001-9



Table 6. Effects of early-life exposure to bisphenol A on leptin levels from random effects meta-analyses.

No. studies Test for subgroup

Analysis Subgroups MD (ng/ml) SMD (95% CI) r (no. comparisons) differences

Overall 0.37 (—0.14, 0.87) 50% 8 (34)

Species Rats -0.30 (-1.27,0.67) 64% 3 (10) p=0.08
Mice 0.72 (0.09, 1.35) 43% 524

Sex Males 0.69 (0.14, 1.25) 46% 8 (24) p=0.03
Females —1.03 (—-2.49,0.43) 60% 5(10)

Time window of exposure Perinatal 0.46 (—0.07, 1.00) 50% 5(23) p=038
Prenatal 0.26 (—1.24, 1.76) 51% 3(1D)

Frequency of exposure Daily —0.01 (-0.85,0.83) 59% 507) p=0.16
Constant 0.75 (0.10, 1.41) 38% 3(17)

Route of exposure” Gavage —0.30 (—1.27,0.68) 63% 3 (10) p=0.08
Diet 0.75 (0.10, 1.41) 38% 3(17)

Dose of exposureb <50 pg/kg 0.18 (—=0.53, 0.89) 51% 7 (20) p=0.26
>50 pg/kg 0.82 (—0.04, 1.67) 67% 3(8)

Note: Effect sizes are expressed as the MD in ng/ml with 95% Cls calculated using random effects models. From each study, we considered each analysis with a specific dose, sex,
and/or time window of exposure as a separate individual comparison. /% is a measure of heterogeneity. Positive MDs represent an increase in the outcome measure after exposure.
Negative MDs represent a decrease in the outcome measure after exposure. Tests for subgroup differences were conducted using Review Manager RevMan v5.3 (The Cochrane

Community)]. CI, confidence interval; MD, mean difference.

“Measurements of Angle et al. (2013; oral exposure, five comparisons) and Alonso-Magdalena et al. (2010; subcutaneous exposure, two comparisons) were excluded from this sub-
group analysis because there were not three studies that could be included in an “Others” subgroup.
PResults of Anderson et al. (2013) were excluded from this analysis because exposure was expressed as diet concentration, and it was not possible to estimate dose concentrations.

[SMD= 0.63 (95% CI: 0.24, 1.02); I>=37%; p-value for
subgroup differences =0.01]. Furthermore, BPA exposure was
associated with elevated triglyceride levels in males [SMD =
1.16 (95% CL: 0.69, 1.63); I? =55%], but not in females [SMD
0.05 (95% CI. —0.54, 0.65); I>=0%; p-value for subgroup
differences = 0.004]. Associations between BPA and triglyceride
levels varied according to exposure concentrations, such that con-
centrations <50 pg/kg/d were associated with higher triglycer-
ide levels [SMD=1.45 (95% CI: 0.78, 2.13); I’ =63%] than
concentrations >50 pg/kg/d [SMD =0.45 (95% CI: 0.04, 0.87);
= 18%: p-value for subgroup differences = 0.01]. Furthermore,
associations did not vary for circulating triglyceride levels (in se-
rum/plasma) and triglyceride levels in hepatic tissues (p-value
for subgroup differences =0.22). No subgroup analyses of time
window of exposure, frequency of exposure, route of exposure,
or timing of outcome measurement were conducted because
fewer than three studies could be included in the different
subgroups.

Free fatty acids. Out of 7 studies, a total of 17 comparisons
investigating the effects of BPA on FFA were included in the
meta-analysis. Because FFA were reported on deviating scales,
including tissue concentrations (milligrams/gram), volume con-
centrations (miligrams/milliliter), and percentages relative to con-
trol, only SMDs could be calculated. The summary estimate for
BPA exposure on FFA levels over all studies indicated a signifi-
cant positive association [SMD=0.86 (95% CI: 0.50, 1.22);
I =36%; Table 3]. A forest plot shows the individual effect esti-
mates of BPA exposure with FFA levels (see Excel Figure S4).
Associations were similar when based on studies of mice versus
rats (p-value for subgroup differences =0.65), and of Wistar rats
versus other strains (p-value for subgroup differences =0.81) and
on studies of daily versus constant exposure (p-valuefor
subgroup differences = 0.78), but they were stronger for studies
of males [SMD=1.24 (95% CL 0.88, 1.59); I>’=0%] than
females [SMD=0.14 (95% CL -0.33, 0.61); I*=0%;
p-value for subgroup differences = 0.0003]. In addition, the asso-
ciation varied by dose, such that BPA doses <50 pg/kg/d were
associated with higher FFA levels [SMD=1.57 (95% CI: 1.05,
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2.09); I =0%] than doses >50 pg/kg/d [SMD = 0.53 (95% CI:
0.19, 0.87); I>=0%; p-value for subgroup differences = 0.001].
Furthermore, associations were comparable for measurements
before PND21 and measurements after PND21 (p-value for
subgroup differences =0.11) and for serum/plasma and other
compartments (including hepatic and fat tissue; p-value for
subgroup differences =0.51). No subgroup analyses on time win-
dow of exposure or route of exposure were conducted because
fewer than three studies could be included in the different
subgroups.

Leptin. For leptin, 34 comparisons from § studies could be
included in the meta-analysis. Because these studies consistently
reported leptin in nanograms/milliliter, MDs could be calculated.
The overall estimate indicated a nonsignificant positive associa-
tion of BPA exposure with leptin levels [MD=0.37 (95% CI:
—0.14, 0.87); I> =50%; Table 6]. A forest plot shows the individ-
ual effect estimates of BPA exposure with leptin levels (see
Excel Figure S5). When based on mice only, there was a signifi-
cant positive association [MD=0.72 (95% CI: 0.09, 1.35);
I> =43%], in contrast with a nonsignificant negative association
for rats only [MD= —0.30 (95% CL: —1.27, 0.67); I* =64%;
p-value for subgroup differences =0.08]. A significant positive
association was also estimated for males [MD=0.69 (95% CI:
0.14, 1.25); I> =46%], whereas a nonsignificant negative associa-
tion was estimated for females [MD = —1.03 (95% CI. —2.49,
0.43); I> =60%). Associations were similar when based on stud-
ies of perinatal versus prenatal exposure (p-valueforsubgroup
differences =0.8) and for exposure doses below and above
50 pg/kg/d (p-value for subgroup differences = 0.26). Estimates
for constant exposure indicated a significant positive association
[MD =0.75 (95% CL: 0.10, 1.41); I*> =38%], in contrast with a
null summary for daily exposure [MD = —0.01 (95% CI: —0.85,
0.83); I =59%; p-value for subgroup differences = 0.16]. A sig-
nificant positive association was also estimated for exposure via
diet [MD =0.75 (95% CI: 0.10, 1.41); I> =38%], whereas a non-
significant negative association was estimated for exposure via
gavage [MD=—030 (95% CL. —127, 0.68); I’=63%;
p-value for subgroup differences =0.08]. No subgroup analyses
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on strain, timing of outcome measurements, or compartments
were conducted because fewer than three studies could be
included in the different subgroups.

Publication Bias

The presence of publication bias was assessed using funnel plots
for body weight and fat weight because these outcome measures
contained >10 studies. Visual analysis of funnel plots did not
suggest substantial publication bias. For body weight, negative
studies with a moderate sample size might have been slightly
underestimated (see Excel Figure S6A). Nevertheless, this funnel
plot does not indicate “strongly suspected” publication bias. In
the funnel plot of fat weight, either small studies showing a
decreased fat weight appeared to be slightly underestimated or
small studies showing an increased fat weight appeared to be
slightly over-represented, but this funnel plot also does not indi-
cate “strongly suspected” publication bias (see Excel Figure
S6B). Furthermore, in the vast majority of the studies, no
conflict-of-interest issues were observed (see Excel Table S4),
and no lag phase of “negative” studies was observed for all out-
come measures.

Sensitivity Analyses

Sensitivity analyses had a relatively minor impact on the associa-
tions of the overall analyses for most outcome measures (Table
7). In the first sensitivity analysis, in which the time points with
greatest efficacy were replaced with the latest measured time
points, 89 comparisons were replaced for body weight, and 7
comparisons were replaced for fat weight. For the other outcome
measures, all time points with the greatest efficacy were the latest
measured time points. This sensitivity analysis changed the over-
all association of body weight from a significant negative associ-
ation to a nonsignificant positive association. For the second and
third sensitivity analyses, 13 and 23 studies could have been
excluded, respectively (see Excel Table S4). Excluding the stud-
ies that were not free of potential litter effects resulted in minor
changes on the overall association with FFA levels; the overall
association changed from a significant positive association to a
nonsignificant positive association (Table 7). The same sensitiv-
ity analysis changed the direction of the overall estimate for lep-
tin from a nonsignificant positive association to a nonsignificant
negative association. Further, no remarkable differences were
observed.

Confidence Rating

The quality of evidence for all outcome measures was down-
graded because of serious concerns about risk of bias owing to
the many unclear scores and because of serious concerns about
unexplained inconsistency (Table 8). Body weight was down-
graded for unexplained inconsistency because of varying point
estimates, minimal or no overlap of confidence intervals between
studies, and substantial heterogeneity (I*>75%), whereas fat
weight and leptin were only downgraded because of varying
point estimates and minimal overlap of confidence intervals
between studies. In contrast, triglyceride was downgraded for
unexplained inconsistency because of varying point estimates
and moderate heterogeneity (I>>50%), and FFA was down-
graded only because of varying point estimates. In addition, the
body of evidence for FFA was upgraded by half a confidence
level for consistency across species because no differences were
estimated between rats and mice and across strains. For all out-
come measures, there were indications of dose—response-related
effects either across or within some studies. However, the consis-
tency of these indications was not considered to be sufficient to
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Final confidence
rating
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7
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I

Body of evidence (animal studies)
Initial high confidence (55 studies)
Initial high confidence (13 studies)
Initial high confidence (8 studies)
Initial high confidence (7 studies)
Initial high confidence (8 studies)

Table 8. Quality of the evidence of the overall effects of bisphenol A on the investigated obesity related outcome measures using the Office of Health Assessment and Translation confidence rating methodology

“The factors “large effect magnitude” and “residual confounding” were not assessed in this study and consequently were not used to upgrade the evidence.
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“Serious concern because of varying point estimates, minimal or no overlap of confidence intervals between studies, and substantial heterogeneity (I > 75%).

“No strongly suspected publication bias observed.

“Indications for dose-response effects either within or across studies, but the consistency of these indications was not considered sufficient to upgrade the confidence.

Serious concern because of many “unclear” scores.

8Serious concern because of varying point estimates and minimal overlap of confidence intervals between studies.

’_'Serious concern because of varying point estimates and moderate heterogeneity (1> > 50%).

‘Serious concern because of varying point estimates.

/No subgroup differences were estimated across species and strains.

¥Body of evidence was already downgraded for unexplained inconsistency and additional downgrading for imprecision was not considered appropriate (NTP 2015).

upgrade the confidence of evidence for any of the outcome meas-
ures. Based on this stringent confidence rating, the quality of evi-
dence was rated as low for the outcome measures body weight,
fat weight, triglyceride, and leptin and was rated as low-to-
moderate for FFA (Table 8).

Discussion

To our knowledge, this is the first systematic review with meta-
analysis of exposure to BPA and obesity-related outcomes in
rodents. Our analysis provides evidence in support of obesogenic
effects of early-life exposure to BPA because the obesity-related
outcomes fat weight, triglyceride levels, and FFA levels showed
significant positive associations with BPA exposure, and the
obesity-related outcome leptin showed a nonsignificant positive
association. A significant negative association for body weight
was estimated. As described in more detail below, there was sub-
stantial heterogeneity across studies for all outcomes assessed,
and information was insufficient to assess the risk of bias for
most studies.

The meta-analysis of fat weight indicated a significant posi-
tive overall association with early-life BPA exposure, although
no differences between specific fat pads were found. In humans,
increases in intraabdominal fat, also known as “dysfunctional
adipose tissue,” are particularly significant given the greater risk
for metabolic syndrome and cardiometabolic disease due to the
accumulation of excess visceral adipose tissue (Després and
Lemieux 2006; McCarthy 2014). Multiple biological mecha-
nisms have been proposed to underlie the adipogenic effects of
BPA, including an estrogen receptor-dependent mechanism, as
well as activation other factors such as insulin growth factor-
1, thyroid receptor/retinoic X receptor, and PPARYy (Alonso-
Magdalena et al. 2015).

Sex-specific subgroup analyses revealed sex-specific associa-
tions, with significant positive associations between BPA expo-
sure and triglyceride and FFA levels observed in males; for
females, negative associations were found for body weight and
leptin levels. No sex-specific association was estimated for fat
weight. Several factors might contribute to differences in the
effects of BPA between males and females, including hormonal
differences, genetic differences in xenobiotic metabolism, and
sex-specific placental responses to environmental factors such as
EDCs (Babelova et al. 2015; Gabory et al. 2013; Richter et al.
2007).

Early-life exposure to doses lower than the RfD (50 pg/kg/d)
showed a stronger positive association with body weight, triglyc-
erides, and FFA than higher doses (U.S. EPA 1988). In contrast,
no association with dose was estimated for fat weight or leptin
levels. Low dose effects and nonmonotonic dose-response curves
have been reported previously for BPA (Angle et al. 2013;
Vandenberg 2014; Vom Saal et al. 2012). In addition, it is possible
that very high-exposure doses of BPA might affect overall fitness,
resulting in toxicity and in related decreases in some outcome
measures.

Subgroup analyses of species and strains did not reveal con-
sistent associations across outcome measures. Rats were associ-
ated with higher fat weight after BPA exposure compared with
mice, although no differences in species-specific associations
were estimated for the other outcome measures. In addition, no
consistent differences were estimated for frequency of exposure,
route of exposure, or timing of outcome measurements. The
differences in association observed for these subgroups are
likely to be confounded by other study characteristics and not
(directly) related to causal differences in biologic susceptibility.
Furthermore, no differences in association were observed for
the biological compartments of triglycerides and FFA (i.e.,
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blood vs. hepatic levels) or for the time window of exposure
across all outcome measures.

Strengths and Limitations

The strength of this systematic review is that many published
studies were available, and as a result, many subgroups could be
analyzed using a prespecified methodology with a rigorous proto-
col. We followed the systematic review methodology developed
by SYRCLE (www.syrcle.nl), which has been specifically
designed to evaluate animal studies, although other useful meth-
odologies are also available, including those of the Collaborative
Approach to Meta-Analysis and Review of Animal Data from
Experimental Studies (CAMARADES; www.camarades.info)
and OHAT (http://www.ntp.niehs.nih.gov/go/38673). Our risk of
bias and methodological quality assessments revealed that many
studies insufficiently reported their methodology, resulting in an
unknown risk of bias. Therefore, this systematic review is limited
by the poor reporting quality of the included animal studies.
Although comparable to animal studies in other research fields
(Hooijmans et al. 2015; Wever et al. 2012), the lack of sufficient
reporting is notable and should be improved in future studies.
Several checklists to improve reporting quality are available,
such as the ARRIVE guidelines (Kilkenny et al. 2010) and the
Gold Standard Publication Checklist (Hooijmans et al. 2010a);
these should be used when submitting manuscripts.

A substantial amount of heterogeneity is present in the data.
Heterogeneity was not notably reduced after subgroup analyses,
indicating that variation in the design and quality of the included
studies are the main sources of heterogeneity in this systematic
review. To account for the heterogeneity, a random effects model
was used. Furthermore, we also note that differences in all
subgroup-specific estimates should be interpreted with caution
given the potential for confounding by study characteristics that
might be related to BPA exposures, outcomes, and the subgroup
of interest, such as the sex or species of the animal models used
in each study. For fat weight, triglycerides, and FFA, differences
in SMD estimates among subgroups may have also been con-
founded by study characteristics related to the standard deviation
of the original study estimates, and differences in SMDs between
subgroups do not necessarily reflect differences in the magnitudes
of associations (i.e., actual differences in the measured outcome
between treatment and control groups). In addition, it should be
noted that for the outcome measure fat weight, where multiple
fat pads from individual animals were often included, no addi-
tional correction was applied in the analysis to account for
nonindependency.

The funnel plots did not reveal severe asymmetry; therefore,
publication bias was assessed as “undetected.” It should be noted,
however, that funnel plots have substantial limitations, particu-
larly when multiple end points related to a specific outcome mea-
sure are reported in the same study (Guyatt et al. 2011).
Therefore, the results of the funnel plots, and the related publica-
tion bias, should be interpreted with caution.

Although a very large amount of literature was identified and
screened (n=2,535), it is likely that we did not identify all body-
weight data available in the literature. Because body weight is a
general parameter that is included in most rodent studies, it is of-
ten not reported in the title and abstract sections. Consequently,
these articles would have been missed during the screening proc-
esses of this systematic review.

This systematic review may have been limited by the restric-
tion to English language articles. However, the impact of this
restriction appeared to be limited because only three non-English
articles were excluded, although it also depends on the compre-
hensiveness of the PubMed and EMBASE databases with regard
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to the indexing of non-English articles. In addition, this study
only focused on rodents because these species are specifically rel-
evant for risk-assessment purposes given that their relationship to
human biology has been extensively analyzed, and risk-
assessment methodology is highly adapted to rodent studies.
Future research on additional species would be valuable to com-
pare the effects of perinatal BPA exposure in other species.
Furthermore, we did not examine the effects of diet in our
review, and we excluded studies that altered the diet during
follow-up, for example, by giving a high-fat diet challenge. We
excluded these studies because of the increased complexity
associated with these additional variables. Nevertheless, a
future systematic review investigating the obesogenic effects of
early-life BPA exposure and diet would be extremely useful
because the developmental time period is critically sensitive to
both nutritional and environmental influences that can affect the
etiology of obesity (Heindel and Schug 2013). Moreover,
although there was rigorous consultation between reviewers
when deciding which studies and data to include in this system-
atic review, the use of two independent reviewers is preferred
for screening purposes, study quality assessment, and data
extraction because the use of one reviewer might result in more
errors (Buscemi et al. 2006).

Initially, we intended to conduct a prespecified subgroup sen-
sitivity analysis excluding studies with a high risk of selection
bias at “baseline similarities” for outcome measures that could
not be analyzed using different time points. However, none of the
included articles had a high risk of bias on this item, and exclud-
ing all studies with an unclear risk of bias would have resulted in
too few studies to conduct the meta-analyses. Therefore, we devi-
ated from the prespecified protocol and included two additional
sensitivity analyses that were conducted for all outcome
measures.

Risk Assessment Implications

In this systematic review, BPA was associated with several
obesity-related outcomes in rodents at doses <50 pg/kg/d,
which is the current RfD for BPA in the United States (U.S. EPA
1988). In Europe, the TDI of 4 png/kg/d set by EFSA in 2015 is
mainly based on the adverse effects of BPA exposure on kidneys
in mice, in which a 10% change in kidney weight is expected to
occur at a concentration of 8,960 pug/kg/d (EFSA 2015).
Although our findings are subject to a number of limitations and
should be interpreted with caution, we believe that they support
the need to reexamine BPA safety levels. A similar conclusion,
albeit based on different end points, was recently drawn by the
Dutch National Institute for Public Health and the Environment
(Rijksinstituut voor Volksgezondheid en Milieu; RIVM 2016). A
reevaluation of safety levels might be further supported by the
fact that BPA has recently been identified as an EDC within
Europe based on adverse interactions of BPA with reproductive
function, mammary gland development, cognitive function, and
metabolism (ECHA 2017). Further, two longitudinal birth
cohorts have recently reported associations between prenatal
BPA exposure (measured in maternal urine) and obesity-related
outcomes, including positive associations with waist circumfer-
ence and BMI Z-scores at 4 y of age in >344 children from
Sabadell, Spain (Valvi et al. 2013), and positive associations with
fat mass index, percent body fat, and waist circumference at 7 y
of age in 375 children from New York, New York (Hoepner
et al. 2016). An expert panel estimated that the potential effects
of prenatal BPA exposure on childhood obesity may result in
substantial obesity-related health and economic costs (Legler
et al. 2015), and in another analysis, it was estimated that the
costs of obesity (in children and in adults) that might be attributed
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to childhood BPA exposure may outweigh the costs of using
safer alternatives to BPA in food-associated uses (Trasande
2014).

It is important to note that although this review focused on
BPA, other chemicals with putative obesogenic effects have
also been identified. For instance, the BPA analog bisphenol S
(Helies-Toussaint et al. 2014) and several other chemical
classes have been identified as potential obesogenic chemi-
cals; these include phthalates, organotins, perfluorinated alkyl
acids, brominated flame retardants, (non)-dioxin-like poly-
chlorinated biphenyls, and several pesticides (Heindel et al.
2015).

Conclusions

This systematic review provides evidence of obesogenic effects
of early-life exposure to BPA, indicating significant positive
associations with fat weight, triglycerides, and FFA as well as a
nonsignificant positive association with leptin levels. In contrast,
a significant negative association with body weight was esti-
mated. Subgroup analyses revealed positive associations for
most outcome measures in males compared with females, as
well as stronger positive associations at doses below the current
U.S. RfD of 50 pg/kg/d compared with doses above the RfD
(U.S. EPA 1988). It should be noted that there was substantial
heterogeneity across studies for all outcomes assessed and that
information was insufficient to assess the risk of bias for most
studies. We recommend further research on the sex-specific
effects of BPA, including interaction with diet, as well as eluci-
dation of the underlying mechanisms. In conclusion, our find-
ings provide evidence in support of obesogenic effects of early-
life exposure to BPA.
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